The hair follicle is a mini-organ endowed with a unique structure and cyclic behaviour.
| INTRODUCTION
The hair follicle has been an object of intense research for more than 70 years and a quick search on PubMed now retrieves almost 8000 articles. With such a vast collection of published results, one might think that most of the hair follicle's mysteries would have been revealed and that clues or even satisfactory solutions would have been found to solve common problems such as telogen effluvium, hair thinning or whitening, but also devastating forms of alopecia, such as androgenetic alopecia, frontal fibrosing alopecia, alopecia areata, totalis or universalis. Alas, today, the few pharmaceutical and cosmetic products on the market today only offer a partial and unpredictable answer to these conditions. Clearly, many aspects of hair follicle biology remain an enigma (Table 1) . Despite application of the reaction-diffusion theory elaborated by A.Turing in 1952, [1] and the efforts of talented developmental, molecular and cellular biologists, endocrinologists and even mathematicians, [2] the code to hair follicle behaviour has not yet been broken.
Why is it so?
| THE ENIGMA OF STRUCTURE AND BEHAVIOUR
Hair follicle behaviour is characterized by a succession of active (anagen) and dormant (telogen) phases, separated by intense tissue remodelling processes of regression (catagen) and regeneration (neogen). It has been proposed that the follicle is endowed with bistability [3] and that under an autonomous and stochastic (and thus unpredictable)
way, [4] it moves from an active steady state to a dormant steady state and vice versa. Second, the structure of the active anagen follicle is by itself a treasure of complexity, with more than 15 different cell types distributed in two compartments of mesenchymal origin (the dermal papilla and the connective tissue sheath/CTS) and four of epithelial origin (matrix, outer root sheath/ORS, inner root sheath/IRS and shaft), not to mention the appended sebaceous and apocrine glands, and arrector pili muscle. Moreover, each of these compartments can be divided into subcompartments, as shown by the distribution of specific biological markers such as glycosaminoglycans [5] and keratins. [6] Although the functional role of these compartments has been roughly described (still with some uncertainties), the functional role of the different subcompartments remains unknown (Table 1) .
With such a huge structural complexity, one might think that the internal homoeostasis of the follicle would be very fragile. This is not the case: the hair follicle is the only organ that keeps doing its job after being dissected out of its natural environment, producing in vitro a fibre structurally similar to in vivo scalp hair. [7] This means that the hair follicle is a fully integrated organ, all compartments being functionally connected to each other, in a tightly controlled manner. A complete deciphering and understanding of the signalling pathways at work in a hair follicle would certainly give clues as how to tackle problems where tissue homoeostasis is involved. This remains a complicated task.
| THE ENIGMA OF HAIR FOLLICLE INFLUENCE NETWORK
The hair follicle is under a very complex network of influences, including a number of growth factors and morphogens with their cognate receptors and signalling pathways, hormones and diffusible metabolites, with positive or negative effects sometimes determined by the hair follicle phase. It is the delicate balance of these opposite influences which defines the Yin-Yang of the hair follicle. [8, 9] Local gradients, half-life, diffusion at distance, storage and release of these various factors are key parameters which will have to be taken into consideration if one wants to understand their functional role. Huge progress has been made in the identification of the repertoire of most of the actors involved in hair follicle biology and expressed during the different phases of the hair follicle, [10] but description of a definite role of this or that factor remains very scarce and scientific articles are full of wordings like "could be involved" or "might play a role". That being said, one can predict that a mix of active molecules targeting different pathways and different phases of the hair cycle would certainly be more efficient at controlling scalp hair density and hair loss than a single molecular entity. Furthermore, the increase in hair density in response to all currently available cosmetic and pharmaceutical products on the market strikingly falls in the same range of values, namely 15-30 hairs per cm². This suggests that the responding population of follicles could always be the same whatever the product or the technology used and very likely consists of the resting fibre-free kenogen [11] hair follicles.
| THE ENIGMA OF HAIR SHAPE
With respect to hair shape, it is now established that hair curliness is programmed from the bulb and is linked to asymmetry in the different hair follicle compartments. [12] Some structural proteins are indeed asymmetrically expressed including K38, [13] K82 [12] and insulin-like growth factor binding protein 5. [14] That being said and despite new insights into the progressive building process of hair fibre, [15] the molecular/structural events underlying hair shape remain elusive.
Of note, hair shape can be pharmacologically modified in vivo, by IFNα-2b [16] and EGFR pathway inhibitors. [17] Some biological clues could thus emerge from in vitro studies using these pharmacological agents and transcriptomics-proteomics approaches.
| ANY CLUES FROM GWAS?
With the advent of genome-wide association studies (GWAS) and next-generation sequencing, one may have expected great progress at deciphering gene mutations linked to hair loss, hair shape and quality, and hair whitening. A number of genomic studies have indeed identified mutations directly linked to some congenital hair abnormalities such as woolly hair, [18, 19] monilethrix, [20] hypertrichosis, [21] hypotrichosis [22] and hair length. [23] In addition, a number of gene loci and polymorphisms were found associated with androgenetic alopecia (AGA) [24] [25] [26] and alopecia areata, [27, 28] as well as hair colour and whitening. [29, 30] Of note, even though a strong heritability has been demonstrated in AGA, a direct causative link between identified mutations and AGA has not yet been demonstrated, making it difficult to predict the development of AGA from genetic data. [25] This also stands true for female pattern hair loss (FPHL), which does not share any susceptibility locus with AGA except for the AR/EDA2R locus, in the case of early-onset FPHL. [31] Moreover, gender effects and also local epigenetic control are clearly involved. Indeed, in alopecic man, the nape follicles are not affected by hair loss [32, 33] and keep producing fibre when transplanted into alopecic zones. [34] This means that a set of hair follicle genes is likely differentially expressed in alopecic vs non-alopecic zones. [26, 35] Moreover, there are several examples where a given mutation is associated with different hair phenotypes (hair diameter, hair shape or hair whitening), depending on the ethnic background. For example, while rs12203592 single-nucleotide polymorphism (SNP) in intron 4 of the interferon regulatory factor 4 (IRF4) was found associated with grey hair in admixed Latin Americans, [30] the same mutation was found associated with blond hair in Europeans. [36] Of note, rs12821256 SNP in regulatory region of KIT ligand gene was also found associated with blond hair in Europeans. [37] Inversely, a common hair trait can be associated with different mutated genes, again depending on the ethnic background. For example, 1540T/C non-synonymous SNP in EDAR gene [38] and rs4752566 SNP in intron
The human hair follicle enigma: some open questions
• What is the functional significance of the differential expression of specific proteoglycans and glycosaminoglycans along the connective tissue sheath? • What is the functional significance of the absence of laminin 5 [85] and BP230 [86] expression in the bulb basement membrane?
• Which factors control dermal papilla size and regeneration during the neogen phase? • Are some CD34+ connective tissue sheath cells [87] involved in ORS stem cell niches and homoeostasis? [88] • What is the functional significance of the restricted presence of Langerhans cells in the upper ORS? • What role do the few Merkel cells residing in the upper ORS play?
• What is the functional significance of glycogen accumulation in the mid-ORS? • What is the function of proliferative keratinocytes in the lower ORS? [42] • What is the true function of inner root sheath?
• What role do the 34 different keratins and over 80 different keratin associated proteins play? What controls the restricted distribution of active melanocytes at the top of the dermal papilla and melanocyte progenitors in a restricted zone of the upper ORS?
• Which factors control?
• The decrease in epithelial stem cell functionality with time?
• Matrix cell proliferation and arrest at the transition anagen-catagen? • The duration of human hair follicle anagen phase?
• The longitudinal size of human hair follicle?
Scalp vs body human hair follicle biology?
9 of FGFR2 gene [39] were found associated with thick and straight hair in Asian populations, while rs11803731 SNP in TCHH [40] was found associated with straight hair in Europeans. The latter may be explained by phenotypic convergence. In summary, the only established result obtained from these genetic studies is the following: the control of hair phenotype and hair conditions is multifactorial and multigenic.
A genetic test based on one single gene-for example the androgen receptor-cannot thus be predictive of hair loss.
| TRANSLATIONAL POTENTIAL OF MURINE MODELS HAS LIMITATIONS
A puzzling situation arises from the over-extrapolation of events observed in studies of mouse hair follicle and applied to the human hair follicle. To cope with this situation, a guide has been published specifically to describe human hair follicle features, throughout its in vivo growth cycle. [41] For example, rodent epithelial stem cells have been localized in the bulge, a visible structure of the upper outer root sheath (ORS) which does not exist as such in adult human hair follicles.
Moreover, if only one reservoir of stem cells seems to exist in mouse hair follicle, two reservoirs have been clearly identified in human hair follicle, one in the upper and the other one in the lower ORS. [42, 43] In mouse, hair follicles are synchronized and the anagen-to-telogen transition, as well as the telogen-to-anagen transition, is accompanied by a deep tissue remodelling involving the hypodermis. Moreover, the hair cycle only lasts for a few weeks. This is absolutely not the case in human hair follicle, because human hair follicles are asynchronous and the hair cycle can last for over 10 years [4] ! Although the hypodermis may indeed play a role in the regeneration process of the follicle in mice, [44] it probably plays a different role in humans-in the maintenance of the anagen phase, for example, and perhaps in the preservation of full functionality of the deep ORS stem cell reservoir. This point could possibly be investigated by co-cultivating human hair follicles in the presence of pre-adipocytes or even dissected hypodermis.
The hair follicle harbours an impressive stem cell "zoo", [45] [46] [47] likely necessary to cyclically regenerate all follicular compartments; but why do the follicle CTS and dermal papilla harbour multipotent cells able to regenerate in vitro adipose tissue, muscles, neurons etc.… [46] ? When a mix of mouse embryo (or even adult) epidermal and dermal skin cells is injected in the renal capsule or under the skin of immunecompromised mice, hair follicles are spontaneously regenerated, but not lungs, teeth, pharynx, limb buds, kidney or any other composite structure. [48] Apparently this is an absolute and unique fate, but why is it so? Would chicken embryo skin cells regenerate feathers, when injected in the mouse system? Would they regenerate scales or, even more unexpectedly, follicular structures? This oriented and apparently primary fate of mesenchymal-epithelial interactions clearly raises a number of questions. When hair follicles are regenerated from mixed skin cells, are the stem cell reservoirs also regenerated, easily identifiable by either K15 keratin (mouse) or K19 (human) expression? This would mean that the stem cell is an independent cell phenotype, epigenetically induced by a specific environment, [9] the components of which remain to be identified. The answer to these questions could have strong implications in regenerative medicine.
| INSIGHTS FROM GLYCOBIOLOGY?
Some answers to the questions raised here may come from the study of hair follicle glycobiology. Indeed, the fine tuning of influences that control hair biology and stem cell fate cannot solely rely on timely and spatially controlled gene expression. Glycans may also play a key role, considering that their huge molecular diversity designates them as the third language of life and "the third revolution in evolution", after DNA and proteins. [49] Glycans not only represent a source and storage of energy but they also have structural roles and modulate cell-cell interactions through their interactions with cognate receptors (lectins) and ligands (growth factors).
Glycogen accumulates in the mid-outer root sheath. [50] One might guess that this glucose reservoir plays a key role in the aerobic glycolysis process, required for matrix cell proliferation and hair growth maintenance. [51, 52] In addition, a complex, dynamic and regionalized network of proteoglycans [5] and proteoglycan-modifying enzymes [8] has been revealed in the different compartments of the human hair follicle. The distribution of proteoglycans in the human hair follicle was originally described in the early 1990s, with a focus on (i) chondroitin sulphate, dermatan sulphate and heparin sulphate proteoglycans, [53] (ii) syndecan 1, perlecan and decorin [54] and (iii) for versican. [55] Thanks to the availability of new immunological tools, the distribution of proteoglycans in the human hair follicle has been further refined. [5] With respect to complex type N-glycans, the use of specific fluorescently labelled lectins (saccharide-binding proteins) revealed their differential composition among the different hair follicle compartments. [56] [57] [58] The discrete distribution of some chondroitin sulphate proteoglycans in both the CTS and ORS [5] strongly suggests that they could play a role in forming the stem cell niche and controlling hair follicle stem cell phenotypic plasticity. [59] Some proteoglycans are known to be involved in the shaping of hair follicle morphogen gradients, while others are involved in hair growth control (Table 2 ). On top of that, enzymes such as fucosyl-transferase, heparanase and Sulf1 and Sulf2
HSulf sulfatases can further modulate the biological activity of these glycans and modulate hair biology (Table 2) . Of note, TGFβ1, by inducing Sulf1 expression, [60] might indirectly modulate other growth factor activities. From a clinical point of view, alterations of glycosaminoglycan degradation provoke mucopolysaccharidoses and abnormalities in hair morphology, [61] which can be reversed by appropriate enzyme replacement therapy.
[62]
| LEARNINGS FROM LIPIDS
Lipids represent another "terra incognita" of hair follicle biology.
Lipids were identified in human hair cuticle, cortex and medulla [63] and clearly appear as hair follicle structural components. [64] Some of them, like ceramides [65] and 18-methyleicosanoic acid (18-MEA), [66] are known to play a structural role in the hair fibre cuticle. Progressive disappearance of hair fibre ceramides and 18-MEA along the hair fibre correlates with age-related progressive alterations of the cuticle layers, [67] while hair from patients with maple syrup urine disease, which does not contain 18-MEA, is characterized by cuticle delamination. [68] Besides these structural roles, some lipids play regulatory roles.
Steroids, including androgens [69] and estrogens, [70, 71] PPAR ligands, [72] vitamin D and retinoic acid were reported to modulate hair growth, likely through their cognate receptors. [73] Moreover, oleyl-L-alysophosphatidic acid, through its cognate P2RY5 G protein-coupled receptor, is involved in the maintenance of hair growth [74] and hair follicle development. [75] Of note, disruption of P2RY5 signalling results in woolly hair/hypotrichosis syndrome. [18, 19] With respect to arachidonic acid, the hair follicle is endowed with full prostaglandin metabolic pathway and a complex network of prostaglandin receptors. [76, 77] It has been suggested that PGE2/PGF2a and their analogues may favour hair growth maintenance, [78] while PGD2 may inhibit it and trigger anagen-to-catagen transition. [79] A large variety of lipids thus play a role in hair structure and hair biology, but their role(s) in interacting molecular networks remains to be established.
| ANY CLUES FROM EXOSOMES?
The tight control of hair follicle cell-cell interactions clearly relies on a network of diffusible factors and cell surface ligands interacting with their cognate receptors. As the follicle is a compartmentalized organ, one can expect that additional interactions and crosstalks could also be mediated by message carrying entities, for example exosomes. [80] Of importance, exosomes were recently found to play a role in Wnt secretion and transport [81] and to mediate at distance interactions between skin keratinocytes, melanocytes and fibroblasts. [82, 83] By analogy, exosomes could be key actors of hair follicle homoeostasis.
They could be key integrating structures, supplying to the right cells, at the right time and the right concentration a pre-assembled package of messages. In this respect, it is conceivable that exosome targeting could be mediated by specific tags, and it would not be surprising if some of these tags were N-complex type glycans as these glycans are known to be involved in protein routing and addressing. [84] As such, exosomes' structure and molecular content certainly deserve to be further studied in the hair follicle context.
| CONCLUSION AND PERSPECTIVES
In sum, if one considers all identified pathways that may control follicle morphogenesis, hair growth, hair loss, hair pigmentation, as well as the autonomous and stochastic behaviour of this mini-organ, one must admit that the hair follicle is a concentrate of key physiological processes that control whole organism homoeostasis. As such, the hair follicle represents a unique biological test tube, a reference mini-organ that adheres to most of the rules that govern tissue organization and intercellular/tissue crosstalk. Even more fascinating is the fact that this complex mini-organ, with its concentric compartments, its different cell types and its unique level of cellular and synthetic activities-including matrix cell proliferation, continuous fibre production and melanocyte constitutive melanogenesis-seldom develops cancers! This means that all biological processes which take place in the hair follicle are tightly controlled, including those Notch, Wnt/ β-catenin, sonic hedgehog pathways which are dysregulated in cancers. One thus might expect that the understanding of this so delicate equilibrium could give clues as to how combat some kinds of cancers.
All knowledge we have acquired thus far concerning hair follicle biology must be considered as elementary bricks. To date, only a few interconnections have been described between all influencing actors and pathways. In this respect, bioinformatics will likely be of great assistance in integrating all these functional, spatial and temporal data, and in developing an integrative vision of the functioning of this composite T A B L E 2 Some glycans and related enzymes involved in hair biology organ. Again, this integrated knowledge might also give clues permitting a better understanding of numerous pathological conditions.
In conclusion, even though huge progress has already been made in the understanding of hair biology, we clearly did not predict that this tiny organ is in fact a concentrate of all the fundamental rules which govern metazoan organization and physiology. This being the case, the field is enthusiastically encouraged to continue to possibly enlarge, broaden and integrate a new vision of (hair) biology.
